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INTRODUCTION
The research into metal−organic frameworks (MOFs) as materials for adsorption separation processes has gained increasing interest within the scientific community in recent years. 1 These porous materials are made up of organic linkers and metal centers that can be combined into three-dimensional nanoporous polymer frameworks. The interest in these materials is primarily rooted in their very high attainable porosities and in their tailorability, derived from the various possible choices of ligands and metals that can create a variety of topologies and adsorption sites. The sheer number of MOF variations becomes apparent when looking at the Cambridge Structural Database, which currently contains 50 000 MOF structures. 2 This number is expected to continue to grow rapidly with the development of computational software designed to identify potentially undiscovered MOFs. 3, 4 This variability provides the opportunity to specifically tailor MOFs to particular adsorption-based applications. For example, it has been shown that their organic ligands can be functionalized with amines, thus increasing the affinity of the MOF for carbon dioxide. 5 Additionally, through techniques such as linker choice 6 and interpenetration, 7 the physical pore sizes of MOFs can be varied, thereby enabling increased selectivity through control of the adsorbate kinetics. Nugent et al. 7 used this technique of controlled functionalization on SIFSIX MOFs, optimizing kinetic and thermodynamic properties for selective adsorption of carbon dioxide from various gas mixtures.
This attractive feature also has the caveat that experimental analysis of even just one single MOF family of materials for a given application is challenging due to the time-consuming nature of experiments. It is in this initial analysis that molecular simulation can play an important role by narrowing the field and highlighting the best potential MOFs for detailed experimental analysis. Indeed, some recent works aimed to use large-scale computational screening to identify promising MOFs for adsorption-based applications. In the work by Wilmer et al., 4 a building-block method based on existing MOF structures was utilized to identify 130 000 potential MOFs. The authors then went on to computationally analyze physical characteristics of the MOFs as well as methane uptake capacities, which were adequately confirmed through experiment for some of the highest performing MOFs. High performance screening conducted by Watanabe et al. 8 also managed to examine 30 000 MOFs to evaluate the potential for CO 2 /N 2 separation. Their approach utilized low level computational simulations to initially assess the physical characteristics (pore diameters, etc.) of each MOF, and applied increasingly complex and accurate simulation techniques on the MOFs with the most potential. This eventually led to a few high performing MOFs proposed for further experimental analysis. The success of computational screening studies like the examples above is highly dependent on the model being used for adsorption predictions. 9, 10 When the model fails to describe the correct adsorption mechanism, the results can be disastrous. An example of this was highlighted in work by Keskin et al., 10 which investigated a model for hydrogen adsorption in IRMOF-1 proposed by Yang et al. 11 The model had been fitted against experimental data up to 1 bar and reproduced the experimental isotherm well within this region. However, Yang et al. 11 went on to use the model to predict adsorption up to 100 bar, and Keskin et al. 10 later compared this to experimental values and observed that the simulation uptake of hydrogen was over double the experimental value. The need for robust models is therefore paramount for obtaining reliable results in molecular simulation, even when considering seemingly simple adsorbates such as hydrogen.
One phenomenon observed in some classes of MOFs is the presence of coordinatively unsaturated sites (CUS), also known as open metal sites (OMS). There are various MOFs that develop unsaturated metal centers upon the activation step prior to adsorption. 12 This occurs when the MOF's metal sites are not fully coordinated to organic linkers but rather to a guest molecule, for instance, the solvent used in synthesis; upon removal of this molecule, the metal is left with a free unsaturated site. These sites have demonstrated selective adsorption for many practical applications, strongly adsorbing gases such as CO 2 , 13 C 2 H 4 , 14 and H 2 . 15 One promising use of this selectivity feature is in the case of olefin/paraffin separations (e.g., ethylene/ethane or propylene/propane), which are generally achieved through costly cryogenic distillation, and for which these CUS-containing MOFs have the potential to be attractive materials for gas separation through alternative techniques such as pressure swing adsorption (PSA). 16 In the case of olefins, the double bond of the hydrocarbon can strongly coordinate with the metal center of the MOF as explained by the Dewar−Chatt− Duncanson model. 17, 18 As discussed by Nechaev et al., 19 this occurs through an electron donation from the olefin's π-orbital to vacant orbitals of the metal center, with back-donation occurring from the metal's d-orbitals to the antibonding π-orbital of the adsorbate. 20−22 The presence of these CUS introduces additional complexity in simulations. Standard force fields were not originally designed to account for these complex orbital interactions, 9 but rather deal solely with van der Waals forces. In the case of some polar adsorbates, such as water, the inclusion of Coulomb electrostatics within these standard force fields can lead to relatively good agreement between simulation and experiment; 23 however, this is highly dependent on the selection of point charges. For nonpolar adsorbates such as ethylene, the role of electrostatics has been observed to be insignificant and cannot account for the increased adsorption at the CUS. 24 This would suggest that the better performance of standard models for polar adsorbates is caused by electrostatics dominating the adsorption mechanism and not by correctly capturing this orbital interaction. 25 Therefore, a fully transferable model is still required to treat CUS interactions consistently.
A number of approaches have been developed to address this failing, generally achieved through either reparameterization of the existing force fields 20 or through coupling of GrandCanonical Monte Carlo (GCMC) simulations with complex quantum mechanical calculations. 26−28 The work by Lamia et al. 20 focused on the prior method and observed improvement in adsorption isotherm agreement for ethylene by refitting the LJ parameters for the Cu−CH 2 interaction. However, later work by Jorge et al. illustrated that this method did not capture the correct adsorption mechanism and the short-range nature of the orbital interaction. 21 The latter method of coupling quantum-mechanical calculations with GCMC has led to a successful description of both adsorption isotherms and mechanism through a variety of approaches. Chen et al. 26 utilized Density Functional Theory (DFT) calculations with a pairwise correction term (DFT/CC) to obtain full energy grids to account for the solid−fluid interactions between methane and HKUST-1 in GCMC simulations. This has the advantage of not having to fit the energy profiles to a function; however, it requires extensive computing power to generate the potential energy map. 9 Also, it is only currently applicable to spherical adsorbates, which limits it potential transferability to other systems. Dzubak et al. 27 used DFT calculations to successfully sample CO 2 adsorption in both Mg-MOF-74 and MOF-5 (only the former contains CUS). The DFT interaction energy profiles thus created were fitted to a function, and the resulting GCMC simulations obtained good agreement with experimental isotherms. The transferability of this model was also tested by simulating adsorption of CO 2 in Zn-MOF-74. Interestingly, only the metal interaction had to be reparameterized in relation to Mg-MOF-74 to obtain good agreement with experiment. As highlighted by Fischer et al., 9 this transferability suggests that the CUS orbital interaction could potentially be treated independently from the other interactions. It is important to note, however, that the DFT fitting approach of Dzubak el al. led to significantly different parameters for atoms in similar chemical environments (e.g., aromatic carbons) in MOF-74 and MOF-5. This raises questions about whether this DFT approach can be used as a replacement for standard atomic force fields, as a balance must be struck between accuracy and transferability.
The present work expands upon the method of Fischer et al., 28 which also utilizes DFT energy profiles. Fischer et al. 28 used DFT to obtain an interaction energy profile between ethylene molecules and HKUST-1 Cu atoms. The major difference of this approach, however, is that the CUS contribution is isolated rather than left grouped with the van der Waals contribution, as in the work of Dzubak et al. 27 The isolation is achieved by subtracting the contribution of other energy terms determined using classical force fields from the DFT energy profiles. This approach seeks to capitalize on the transferability demonstrated by Dzubak et al. 27 between Mg-
The Journal of Physical Chemistry C Article MOF-74 and Zn-MOF-74, which implied that the CUS interaction may be treated independently of other forces. The GCMC simulations then used classical force fields to describe the van der Waals component of the intermolecular forces between the MOF and the adsorbate, while using a specific functional form to capture the CUS interaction. The resulting adsorption isotherms showed very good agreement between simulation and experiment across a variety of temperatures. A major strength of this approach is that the model is able to respond to improvements in the description of either CUS or van der Waals forces independently. Furthermore, as the nonorbital interaction will be captured through classical simulation methods, only one DFT interaction energy profile is required relative to the metal center, describing the CUS contribution. The main advantage, however, is the prospect for the model to be transferable. For example, if the strength of the CUS contribution for the carbon−carbon π bond is consistent across olefins, this enables the same force field parameters to be used for various adsorbates. A later paper by Jorge et al. 24 in fact demonstrated that the same CUS parameters were transferable between ethylene and propylene without the need for any parameter adjustments.
This Article will demonstrate that our CUS model for ethylene is transferable not only to other adsorbates but also to other adsorbent materials with unsaturated Cu sites. All MOFs studied here contain the copper paddlewheel motif found in HKUST-1 and used in our parameter fitting, but one of the MOFs introduces a different copper building unit. Furthermore, we report some technical improvements in both the DFT and the GCMC procedures. The ultimate aim is to develop a transferable method that correctly captures the CUS behavior in a range of MOFs to enable effective computational screening of CUS-containing MOFs for challenging gas separations. While this Article was being written, we became aware of a very recent study by Kulkarni and Sholl 29 that shares a similar purpose. Although their approach is conceptually similar to ours, there are some important technical differences that we discuss in detail in section 2.2. Additionally, our focus is on the transferability of the model, so a detailed comparison with experimental pure-component isotherms is central to our goal. Indeed, we show that our approach for describing the CUS interaction leads to very good agreement with experiment, and thus our force field can be used with confidence to make predictions of adsorption in this class of materials.
METHODOLOGY
This section will outline our procedure to model the interaction of ethylene with the HKUST-1 CUS; however, for a more indepth look into the development of this model, the reader is referred to our previous papers. 24, 28, 30 The procedure is comprised of five key stages: (1) quantum-mechanical (QM) calculations to obtain the interaction profile between the adsorbate and the CUS; (2) isolation of the CUS contribution in the DFT profile; (3) fitting the resulting profile to a modified Morse functional; (4) including the new CUS interaction site in GCMC simulation; and (5) validating GCMC adsorption isotherms against experiment. The number of copper paddlewheel MOFs that the new model can be validated against is limited by the number of available experimental isotherms for ethylene adsorption. He et al. 31 published a number of new ethylene adsorption isotherms for six Cucontaining MOFs: HKUST-1, PCN-16, NOTT-101, MOF-505, UMCM-150, and UTSA-20. Therefore, these MOFs will be the focus of our transferability study. He et al. 31 also provide methane and ethane adsorption isotherms for these MOFs. As they are both fully saturated hydrocarbons, the CUS interaction will not play an important role in adsorption. 9, 32 Therefore, comparison of simulations with experiment for these adsorbates can be used first to indicate whether the MOF structure and van der Waals interactions are being correctly described in GCMC simulations, before any discrepancies found within ethylene simulations can be attributed to the new CUS model. We have therefore carried out simulations of methane, ethane, and ethylene at both 273 and 296 K on the six MOFs mentioned above. Initially, new CUS parameters for HKUST-1 were developed to improve on those used in previous work, 24 and as such the resulting simulated ethylene isotherms were compared to both experiment and isotherms obtained using the previous CUS parameters. Furthermore, additional DFT energy profiles and CUS parameters were obtained for MOF-505 to confirm transferability of the adsorption energies to different MOFs. New energy profiles and CUS parameters were also obtained for the different copper building unit present within the structure of UMCM-150 (see Results and Discussion).
2.1. DFT Calculations. In this work, the DFT calculations use the open source software CP2K 33, 34 with periodic boundary conditions, enabling the full MOF structure to be taken into account. CP2K uses a combination of basis sets from Gaussiantype orbitals and a plane-wave basis. 33, 34 The exchangecorrelation functional used was PBE, 35 as this functional has been used successfully for this model in our previous work. 24, 28 Additionally, it has been shown to capture the correct binding distances for both hydrogen and ethyne on HKUST-1 CUS. 30, 36 PBE does however have limitations regarding treatment of dispersive interactions, 37−39 which will be discussed and accounted for in the fitting procedure. The basis sets used for all atoms were double-ζ plus polarization (DZVP) with PBE optimized Goedecker pseudopotentials, 34, 40, 41 although TZVP basis sets were also used for benchmark purposes in some cases and found to provide results comparable to those calculated with the more affordable DZVP basis set. The energy cutoff selected was 400 Ry, and convergence was checked by using higher values for selected cases, and the calculations used Γ point sampling. Furthermore, spin polarization was accounted for in all DFT calculations. Initially, both the ethylene and the HKUST-1 structures were optimized independently and later used as reference energies to obtain the ethylene−MOF interaction energy from
This differs from our previous work, 24 in which the original HKUST-1 CUS parameters were obtained using energy profiles from all-electron DFT cluster calculations ran with the DMol 3 code 42, 43 contained within the "Material Studio" package. 44 In cluster calculations, only a section of the MOF structure is considered, unlike periodic calculations that repeat a specific unit cell in three dimensions leading to a full (infinite) MOF structure representation. Small cluster models behave well in cases where the nature of the interaction is very localized but can lead to inaccurate representations of molecular systems when long-range effects are important. 37 As such, the decision was made to switch to periodic DFT calculations to remove this potential source of error (and, in the process, validate the accuracy of our previous cluster calculations). Furthermore, and above all, using periodic DFT calculations improves consistency
The Journal of Physical Chemistry C Article with later steps in the fitting procedure, which are also based on periodic boundary conditions (see Parameter Fitting).
The DFT optimization protocol differed only slightly from the work of Jorge et al. 24 due to the introduction of periodic calculations; it should be noted however that both present and previous 24 DFT calculations use two adsorbing ethylene molecules on either side of a copper dimer to limit distortion of the copper building unit. First, after the initial minimum energy geometry optimization of the ethylene−MOF complex, the internal degrees of freedom of the adsorbate were kept entirely fixed, while the adsorption energy profile along the Cu−Cu vector of the paddlewheel was computed. This was required as the adsorbate is now in a 3D cage and could move away from the relevant Cu−Cu vector at larger distances from the metal, where the CUS interaction becomes weaker and van der Waals forces dominate. This has been extensively studied previously by our group with cluster calculations, and the effect of fixing the ethylene molecule internal geometry along the adsorption profile is negligible. Conversely, as the DFT calculations were now periodic, there was the opportunity to allow the entire framework to relax upon optimization with ethylene; this was not possible in our previous cluster calculations because it would lead to unphysical distortion of the MOF cluster. Table 1 compares the optimized energies and binding distances (Cu to the center of the ethylene double bond) obtained in a fully fixed HKUST-1 framework, a fully relaxed framework, and a partially relaxed framework, in which only the Cu atoms were free to move. Using a fixed framework led to a slightly less favorable binding energy, and correspondingly larger binding distance, for ethylene, as observed previously. 28 However, the difference in interaction energy between a partially restricted optimization (Cu free to relax) and a nonrestricted framework was not significant, and therefore the former approach was chosen to minimize computing time. We note that the interaction energies shown in Table 1 do not properly account for dispersion interactions. In Figure S1 , we plot the full DFT profile obtained with the chosen protocol, as well as the resulting profile when LJ interactions are added.
2.2. Parameter Fitting. Once the interaction energy profiles between the adsorbate and the metal site of a MOF were calculated using DFT, the CUS contribution must be isolated before it can be fit to a given functional form, and this requires assumptions about the DFT energies. The first assumption is that electrostatics do not play a significant role in ethylene adsorption on MOF frameworks. Jorge et al. 24 simulated adsorption isotherms for ethane and ethylene in HKUST-1 both explicitly including and ignoring electrostatic interactions, and also without including a CUS specific interaction. The difference between the isotherms was negligible, indicating that the above assumption is reasonable and that the electrostatic contribution to the energy profile can be disregarded. The second major assumption is that the PBE exchange-correlation functional does not capture any dispersive van der Waals interactions near the Cu site; PBE often predicts very low or negligible binding in van der Waals complexes. 37−39 This then implies that the energy of interaction obtained in DFT arises solely from the Cu−π interaction and the repulsive contribution:
To isolate the Cu−π interaction, the repulsive contribution must thus be determined. This was achieved using in-house software to calculate the Lennard-Jones (LJ) potential energy profile along the Cu−Cu vector in a fully periodic structure, based on the models that will be used later in GCMC simulations. The Weeks−Chandler−Andersen (WCA) approximation 45, 46 was then applied to isolate the repulsive contribution in the LJ potential; see Figure S2 .
The now isolated Cu−π profile represents the attractive interaction energy between the olefin double bond and the copper atom due only to the CUS, and will need to be fitt oa function for use in GCMC simulations by adding an additional interaction site located at the center of the ethylene double bond. The functional form selected was a five-parameter modified Morse potential, 28 shown in eq 3. This includes a power law term enabling the short-range nature of the CUS interaction to be fully captured.
In this equation, R o corresponds to the distance of the minimum in the Morse potential, while D o represents the depth of this minimum, akin to the role of σ and ε, respectively, in the LJ potential. The α constant reflects the flexibility of the curve, while the final two parameters A and B are purely empirical terms. In our previous work, 21 eq 3 was fitted to the energy profile over a range of binding distances between 2 and 5 Å. A high cutoff at larger separation distances was then introduced into the GCMC simulations for this Cu−π interaction to avoid an unrealistic enhancement of adsorption energies away from the Cu atom. 24 This would contradict the short-range and highly directional nature of the Cu−π interaction, and may violate the requirement that the unsaturated copper can only form a coordination bond with one adsorbate molecule at a time. This was complemented by a smooth shift cutoff region to avoid a discontinuity in the potential; as an adsorbate molecule's binding distance enters the shift cutoff region, its interaction energy will gradually tend toward zero as the binding distance approaches the high cutoff value. The final cutoff scheme has the following form: 
Previously, the high cutoff for this Cu−π interaction was set at 5 Å with the shift cutoff set at 4 Å. 24 We have investigated the cutoff scheme in more depth, and although the previous The Journal of Physical Chemistry C Article scheme greatly improved upon the issue of unrealistic binding energies, it did not fully solve the problem. This was tested by carrying out GCMC simulations on HKUST-1 preloaded with one ethylene molecule adsorbed at each unsaturated Cu site, both with and without the CUS-specific interaction term. As the copper sites are preloaded, the CUS interaction should have no effect on adsorption, and thus the two isotherms should be identical. Any differences can thus be ascribed to an artificial enhancement of the CUS interaction energy away from the metal site (for more details, see the Supporting Information). This investigation identified a high cutoff of 4 Å and a shift cutoff of 3.5 Å as optimal ( Figures S3 and S4 ). Because of this improved cutoff scheme, the parameter fitting procedure was only carried out between binding distances of 2 and 4 Å. Finally, a low cutoff for the CUS interaction was also introduced to avoid mathematical artifacts in close vicinity to the open metal site. For example, in the case of HKUST-1, we observed a small number of configurations at binding distances between 1 and 1.4 Å in which the negative CUS term was higher in magnitude than the positive repulsive energy from the LJ potential, which created an unrealistic adsorption site very close to the copper atom. This artifact was eliminated by shifting the CUS interaction energy to zero below a low-cut value of 1.8 Å. Although these changes to the cutoff scheme had a very small effect on the ethylene adsorption isotherms in HKUST-1 ( Figure S5 ), there is no guarantee that the effect will not be important in other MOFs or with other adsorbates. As such, we have implemented the new cutoff scheme in our calculations and recommend it for future work, as, although the effect of the low cutoff on the isotherm may be minor, its description of the binding mechanism will be more physically reasonable. It is worth mentioning at this stage that our parameter fitting procedure is quite different from that proposed recently by Kulkarni and Sholl. 29 Those authors chose to fit their DFT energies to a pairwise Morse potential between the Cu atom and each of the CH 2 sites of ethylene, whereas we have added a new CUS-specific interaction site at the center of the double bond. Their original scheme led to artificially high interaction energies for configurations in which the olefin was highly tilted with respect to the Cu−Cu vector, which prompted the authors to introduce a three-body orientationally dependent term to their potential. Furthermore, because their CUS interactions are truncated only at 13 Å, it is possible that their model is artificially enhancing adsorption away from the Cu atom (we will return to this point later in this Article). On the contrary, our fitting scheme ensures that the short-range and directional nature of the Cu−π interaction is correctly captured.
2.3. GCMC Simulations. All adsorption isotherms were obtained through GCMC simulations using the open source code Music. 47 The code was adapted to include the modified Morse potential function, enabling CUS interactions to be introduced. GCMC simulations keep the system's chemical potential (μ), volume (V), and temperature (T) all fixed, while allowing the number of molecules (N) to vary. Before full GCMC adsorption simulations were run, potential maps (PMAPs) that tabulate the interaction energy between a given adsorbate site and the MOF on a fine grid were produced. The grid spacing selected for these maps was 0.15 Å. Using these maps reduces the simulation time, as the interaction energy between the adsorbate and the MOF can simply be interpolated rather than calculated on the fly for each simulation step. For simulations of methane and ethane, cavity bias 48 based on the LJ potential maps was used for insertion and deletion trials. This bias enables steps not to be wasted on positions that are irrelevant to adsorption, such as those that overlap with framework atoms. In the case of ethylene, however, insertion and deletion were done randomly (i.e., without bias) as two map types were present (CUS and LJ), and using a bias based on only one map type could possibly negatively deviate the simulations away from sites that would become favorable when accounting for both intermolecular forces. In the future, we intend to further modify the simulation code to allow for biased insertions and deletions using a combination of PMAPs. In addition to insertion and deletion trials, molecules were allowed to rotate and translate (or only translate, in the case of methane), using optimized maximum displacements. All MC trials were equally weighted and occurred once per simulation step. A minimum of 100 000 000 steps were used, but this was increased to 500 000 000 for methane simulations to reduce statistical error due to the smaller amounts adsorbed. The first 50% of steps were ignored to ensure equilibration, and the remaining steps were split into 20 equal blocks for error analysis. Error bars were always smaller than the symbols used in the Results and Discussion and are therefore not shown. Pressure values were converted to fugacities for input into the simulation code using the Peng−Robinson equation of state. 49 The final absolute adsorbed amounts from the simulations were converted to excess, for comparison with experiment, using the Myers and Monson method. 50 The DREIDING force field 51 was used to describe most framework atoms as it has previously been successful in describing adsorption in MOFs. 52−54 The exception is the copper atom, which is not present in DREIDING; as such, the Universal force field (UFF) 55 was selected to describe the metal. For the adsorbates, a united atom approach was used for each CH x group, with parameters taken from the TraPPE force field. 56, 57 Both the framework and the adsorbates were kept fully rigid during simulations. All cross-species LJ parameters were determined using the standard Lorentz−Berthelot combining rules, and an interaction cutoff distance of 13 Å was applied. The exception was the interaction between the new site, located at the center of the ethylene double bond, and the unsaturated Cu atom of the MOF, for which the cutoff scheme described in the previous section was applied. The values of the cutoff distances are provided in Table 2 for completeness, while Table 3 reports the CUS parameters found through fitting the DFT energy profiles obtained on three different MOFs to eq 3,a sw e l la st h ec o r r e s p o n d i n g parameters obtained in our previous work. 24 2.4. Structural Analysis. As various MOFs will be used to check the transferability of our CUS model, it is important to understand the underlying MOF structures being simulated. The open source software Poreblazer 58 was therefore used as a structure analysis tool for all MOF structures studied in this work. Among other metrics, Poreblazer calculates the framework density, pore volume, accessible surface area, and geometric pore size distribution, enabling a better under- The Journal of Physical Chemistry C Article standing of the number of cage types within each MOF. Importantly, it also provides an estimate of the pore limiting diameter for each MOF, which is the narrowest constriction found in any path that permits a guest molecule to diffuse through the MOF structure. 58 It thus provides some important insight into the pore network topology and may help identify existing diffusion limitations. However, it does not always correspond to the smallest window size in a given MOF; in cases where pores are isolated from the rest of the network by small windows, they will not be part of the diffusive path of the adsorbates. Analysis of the entire pore network connectivity is used to identify possible regions of the pore space that may be inaccessible for adsorption. A full breakdown of the Poreblazer analysis on all of the studied MOFs can be found in Table S1 . Also, the following files are available free of charge on the University of Strathclyde's data repository: input files and source code for all GCMC simulations (DOI: 10.15129/ 8e3b13eb-7625-4eaa-a658-1f6be4e2478a), and input files for all DFT calculations (DOI: 10.15129/16b6418d-d728-4636-bb28-9d1d0fe42e63).
RESULTS AND DISCUSSION
In this section, we will present the results of transferring the CUS parameters obtained on HKUST-1 to various other Cubased MOFs. In previous work, we have demonstrated that our approach is able to correctly describe the adsorption mechanism of olefins on HKUST-1, 28 and that the parameters are transferable between different adsorbate molecules of the same type (e.g., ethylene to propylene) on that same MOF material. 24 Nevertheless, we first revisit ethylene adsorption in HKUST-1 to compare our model predictions to the experimental data set of He et al., 31 which was not considered in our previous work, and to validate the changes introduced in the DFT calculations (periodic instead of cluster) and fitting procedure (slightly improved cutoff scheme). For that purpose, we compare isotherms obtained using our new approach to those using the original parameters of Jorge et al. 24 Subsequently, adsorption isotherms using parameters obtained from periodic DFT calculations on HKUST-1 will be calculated for the remaining MOFs, PCN-16, NOTT-101, MOF-505 (NOTT-100), UMCM-150, and UTSA-20, and compared against experimental data.
31 It should be noted that all experimental isotherms were scaled up using the ratio between the theoretical pore volume of an ideal crystal and the experimental pore volume reported by He et al., 31 both determined from analysis of saturated nitrogen adsorption at 77 K. This procedure takes into account in an approximate way the observed reduced adsorption capacity in real MOF samples, due to potential imperfections such as collapsed pores, nonporous byproducts, and solvent molecules trapped inside the pores of the MOF during synthesis. 24 3.1. HKUST-1. HKUST-1 59 is one of the most widely studied MOFs. 60 It has the composition Cu 3 (BTC) 2 and is made up of two copper ions in a paddle wheel structure with BTC linkers, benzene-1,3,5-tricarboxylate (Figure 1) . 61 The overall structure is shown to be cubic with a pto topology, 30 which arises from the tritopic linker. The secondary building unit (SBU) is made up of the two copper atoms bridged by four carboxylate functionalities from the BTC linker. 61 Cu 3 (BTC) 2 has three pore types, all roughly spherical: one small tetrahedral pore of ∼5 Å and two larger octahedral pores of ∼11 and 12 Å. 62, 63 The CUS sites within HKUST-1 face the interior of the largest pore, 12 Å. Poreblazer 58 identified a pore limiting The Journal of Physical Chemistry C Article diameter of 6.4 Å (see Table S1 ). This can be compared to the dimensions of the adsorbates, shown in Table 4 (only data for methane and ethane were found, 64 but we expect the dimensions of ethylene to be quite similar to those of ethane). It can be seen that the kinetic diameters of all three adsorbates are significantly smaller than the pore limiting diameter, and thus no significant diffusion limitations are expected.
We use ethylene adsorption on HKUST-1 to validate the new parameters for the Cu−π interaction obtained in this work, as well as the changes implemented in the parameter fitting procedure. As illustrated in Figure 2 , the CUS parameters derived from periodic DFT calculations lead to predicted isotherms that are practically indistinguishable from those obtained with parameters derived from our previous cluster calculations. 24 Furthermore, both sets of predicted isotherms agree very well with the experimental data of He et al. 31 at both reported temperatures. This is in marked contrast to the results obtained with the standard DREIDING potential (i.e., without including the specificC u −π interaction), which dramatically underestimate adsorption. It should be noted that the experimental pressure range for this data set is much lower than for the data used in our previous work, which went up to 7 bar. 24 This makes the validation even more stringent as it focuses on the region in which solid−fluid interactions are dominant, and therefore where the effect of the CUS interaction will be most important.
The good agreement obtained with both DFT-based approaches confirms that the MOF cluster we employed previously 28 was large enough to accurately capture the local The Journal of Physical Chemistry C Article interactions in the vicinity of the CUS, and that the small changes we introduced to the fitting procedure do not have a significant impact on adsorption predictions for this particular system. Nevertheless, the decision was made from this point forward to use periodic DFT calculations, because as previously mentioned this will improve consistency of the fitting process and eliminate potential inaccuracies due to the limited size of cluster models. In particular, it will likely improve the accuracy of modeling adsorbates where electrostatics play an important role, as these interactions are typically long-ranged in nature. Furthermore, using periodic calculations obviates the need of constructing different cluster models for MOFs that contain more than one inorganic SBU, such as UMCM-150. 65 has the composition Cu 2 (ethynediyl-bis(benzenedicarboxylate)). Similar to HKUST-1, it also contains a copper paddle wheel complex, and the SBU is again made up of the two copper atoms bridged by four carboxylate functionalities. However, the organic linker connects to four copper paddle wheels (Figure 3a ), leading to a trigonal structure. The topology of PCN-16 is often described as being of the nbo type; 66 however, as discussed in more detail by Li et al., 67 a description using the fof net gives a more complete representation of the topological features. The same applies to the isoreticular systems MOF-505 and NOTT-101. Additionally, the much longer organic linker, shown in Figure  3a , than in the case of HKUST-1 leads to a unit cell that is elongated in one direction (Figure 3b ). This creates two cage types, one octahedral cage that is roughly spherical and has a diameter of ∼7 Å and a larger elliptical cage. 68 These cages are interconnected by two types of windows that lead to a channellike pore structure with a pore limiting diameter of 6.32 Å as identified by Poreblazer (see Table S1 ). This indicates that the pore network is fully accessible to all three gases. The CUS sites present in this MOF face into the smaller octahedral cage.
PCN-16. PCN-16
As illustrated in Figure 4 , experimental isotherms of both methane and ethane are captured relatively well by the standard LJ model across the full pressure range and at two different temperatures, although there is a slight underestimation present in ethane simulations. These simulations did not account for any electrostatics or CUS-specific interaction, suggesting that the adsorption mechanism is mainly dominated by van der Waals forces for those two adsorbates. However, the standard LJ model fails completely at describing ethylene adsorption, especially at the low pressure region (Figure 4c ). This failure in the Henry's law region suggests that the solid−fluid interaction is being greatly underestimated, as was already highlighted in our previous work. 9 In contrast to the linear behavior of the simulations with the LJ model, the experimental isotherm has a steep initial uptake due to the strength of the CUS, and as they begin to fill the isotherm levels off. The new model captures this behavior of the ethylene isotherm very well, especially in the low pressure region.
The good agreement between experiment and simulation for ethylene in PCN-16 using the CUS parameters determined from DFT calculations on HKUST-1 suggests that these parameters are indeed transferable to different Cu-containing MOFs. Nevertheless, a slight overestimation across the entire simulated isotherm is observed. To better quantify the degree of agreement, we have computed the root-mean-squared deviation (RMSD) between simulated and experimental isotherms, calculated at the experimental pressure points (details in the Supporting Information). This is shown in Table 5 for all adsorbates and all MOFs studied in this Article. The systematic overestimation observed for ethylene in Figure  4c is indeed reflected in a somewhat larger RMSD for that adsorbate, as compared to methane and ethane. However, given that matching the adsorption isotherms at relatively low pressures and temperatures is a rather stringent test of our model, we believe the agreement is satisfactory. 69 shown in Figure 5b , is very similar to PCN-16, retaining the fof 67 topology with two pore types interconnected by two triangular windows on one axis. 69 However, the linker is slightly longer due to the central ethynyl group, found in the PCN-16 linker, being replaced with an aromatic ring connecting the benzene carboxylate moieties, as shown in Figure 5a . In the case of the NOTT family, the connecting windows have been observed to increase in size with increasing linker length. 69 Poreblazer identified a pore limiting diameter of 5.6 Å, which due to the channel nature of the MOF can be attributed to one of these triangular windows. Comparing this value to the dimensions of the adsorbates (Table 4 ) again suggests the absence of diffusional limitations for the three gases in this MOF.
In the case of NOTT-101, simulations using the DREID-ING/TraPPE models predict adsorption of methane and ethane exceptionally well (Figure 6a/b) , further confirming the suitability of this model for saturated hydrocarbons. A trend similar to that of PCN-16 can also be observed for ethylene adsorption (Figure 6c ). The standard model again fails to identify the CUS as the preferential site and strongly underpredicts adsorption across the whole isotherm. The new transferable model greatly improves predictions and captures the correct shape of the isotherm. Again, a slight overestimation is observed, of magnitude similar to that of PCN-16 (see Table  5 ), suggesting that it may be a systematic issue. However, this was also observed in HKUST-1, albeit to a lesser extent (see Figure 2 ), implying that this is not a problem caused by transferring the CUS parameters from one MOF to another. We will return to this point later in this Article.
3.4. MOF-505. MOF-505, 70 also called NOTT-100, is from the same family as NOTT-101 and therefore retains the same fof 67 topology and general pore structure, which can be observed through comparison of MOF-505 in Figure 7 and NOTT-101 in Figure 5 . The main difference from the two previous MOFs is the shorter organic linker, as shown in Figure  7b . As mentioned, the linker length has been shown to affect the window size of this MOF type, in this case creating smaller windows. 69 This was confirmed using Poreblazer, which reported a smaller limiting diameter of 4.53 Å for MOF-505, as compared to 5.60 Å for NOTT-101. This is now of the same order as some of the adsorbate dimensions (see Table 4 ), which may anticipate some diffusion limitations.
It can be seen in Figure 8a that the simulations again accurately capture experimental methane adsorption (the RMSD is similar to that in the previously studied MOFs; see The Journal of Physical Chemistry C Article Table 5 ). In contrast, simulated ethane adsorption is now systematically overestimated in comparison with experiment ( Figure 8b ). This is somewhat surprising as both methane and ethane should be attracted to similar adsorption sites, both being fully saturated small hydrocarbons. Figure 8c shows a similar overestimation of ethylene adsorption from simulations using the new CUS model. This overestimation is much greater than observed for the two previous MOFs, with an RMSD that is about twice that of PCN-16 and NOTT-101 (Table 5) . It is also worth noting that the seemingly good quantitative agreement between ethylene simulations using DREIDING and experiment for this MOF results from fortuitous error cancellation, and belies the intrinsic shortcomings of the standard LJ model. Indeed, closer examination of Figure 8c shows that the predicted shape of the isotherm is qualitatively different from experiment, with low pressure adsorption being underestimated, followed by overestimation at higher pressures. Once more, this is due to the inability of the standard approach to describe adsorption at the CUS.
One possible explanation for the systematic overestimation observed in the case of ethylene adsorption is that the CUS interaction parameters transferred from HKUST-1 lead to stronger adsorption energies than observed in MOF-505. This was tested by fitting new CUS parameters from periodic DFT calculations on MOF-505 (Table 3) . As the interaction strength at the minimum of the DFT profile was found to be −22.6 kJ/ mol, in comparison to −23.3 kJ/mol for HKUST-1, this is unlikely to be the cause of the observed overestimation. This was confirmed by running GCMC simulations using the new MOF-505 parameters, shown in Figure 9 . These parameters lead to almost identical isotherms as compared to those obtained with the original HKUST-1 CUS parameters, confirming that the CUS interaction for the copper paddlewheels is generally consistent across different MOFs. This also confirms that the overestimation, which is also observed for ethane, is not a consequence of our assumption of parameter transferability.
Another possible explanation is that the smaller cages of MOF-505 are inaccessible to the larger adsorbates, ethane and ethylene. This could explain why adsorption of those two gases is overestimated, while that of methane is not. However, this is unlikely because due to the channel-like nature of the pore topology, blocking the small cages would prevent access of the adsorbate molecules to the remainder of the pore space. Nevertheless, this hypothesis was tested by conducting a GCMC simulation of ethane for MOF-505 in which the small cages were blocked (further information on the blocking technique can be found in Figure S6 ). As can be seen in Figure  10 , this led to poor agreement between simulation and experiment. The removal of the small cages leads to a much lower initial uptake of ethane, as the strong van der Waals sites in the small cage are no longer available, and to a large underestimation of the adsorbent capacity.
The final possible hypothesis that was considered was incomplete equilibration of the experimental isotherms for both ethane and ethylene. This consideration was prompted by the rather small estimated pore limiting diameter of 4.53 Å in MOF-505. As can be seen in Table 4 , methane will likely be unaffected by the smaller window size, as all dimensions of the adsorbate are smaller than the pore limiting diameter. However, in the case of ethane, and therefore also ethylene, the adsorbate has one dimension that is longer than the pore limiting diameter. This means that those molecules need to find the correct orientation to diffuse through this constriction. As such, although both of those gases will still have full access to the entire pore volume of the MOF, it is likely that diffusion of ethane and ethylene will be much slower than that of methane, which raises questions as to whether the experimental measurements have truly reached equilibrium.
This hypothesis was again tested by partially blocking the pore space of the MOF in GCMC simulations, but in this case one small and one large cage of the unit cell were blocked to represent incomplete diffusion through the MOF in a simplified way. As illustrated in Figure 10 , this led to very good agreement in ethane isotherms. Interestingly, the simulated isotherms with blocked pores could be replicated by simply scaling the original (unblocked) isotherms by a constant factor. This reflects the fact that we are simply restricting access to a portion of the pore volume, without specifically blocking one type of cage. Optimal agreement with experiments for ethane at both temperatures is obtained by scaling the original simulated isotherms by 0.8, as shown in Figure 11a . The same scaling factor was then applied to ethylene, with results shown in Figure 11b . Although a systematic overestimation is still observed, this is now of the same magnitude as observed in the other MOFs of this family (compare the RMSDs in Table 5 ), reinforcing our argument that the discrepancies originally observed for ethane and ethylene have the same origin.
Although we believe our analysis presents a compelling case for incomplete experimental equilibration as the cause of the observed discrepancies for MOF-505, we cannot be certain of this without performing additional experiments. Nevertheless, further support for our hypothesis comes from recent adsorption experiments by Jiao et al. 71 on NOTT-101 and a related material, ZJNU-80. Those authors have observed experimental isotherms with unusual curvature and strong hysteresis for several butene isomers, whereas such effects were absent in isotherms of small gases like CO 2 ,N 2 , and CH 4 , and were practically negligible for other C4 hydrocarbon isomers. Such a marked difference between chemically similar isomers is unlikely to arise from different adsorption energies, and is much more likely to be due to diffusional limitations experienced by some of the butene isomers. This is consistent with our interpretation of the MOF-505 results for ethane and ethylene, as the length of the butene isomer molecules is larger than the window size in NOTT-101, potentially leading to such diffusional limitations. Clearly, further work, both experimental and theoretical, is required to unequivocally clarify this issue.
3.5. UMCM-150. UMCM-150 72 is a much more complex MOF than those previously studied in this work and has the composition Cu 3 (bhtc) 2 , where (bhtc) is biphenyl-3,4′,5-tricarboxylate. 62 This MOF is made up of two different types of inorganic building units. The first is the standard copper dimer paddlewheel MOF; however, there is also a copper trimer unit, 62, 72 as shown in Figure 12b , which also exhibits CUS. The two types of metal building units are joined using an asymmetrically substituted linker molecule, as shown in Figure  12a ,c, leading to three cage types:
72 one large trigonal bipyramidal cage with dimensions 10.2 × 13.7 Å, one smaller hexagonal bipyramidal cage with dimensions 5.2 × 5.8 Å, and finally a small cylindrical cage with a diameter of 4.2 Å. 62 The CUS interaction sites are facing into the two larger cages but not accessible from the smallest cage. Poreblazer identified the pore limiting diameter as 8.8 Å but only found one dimension for percolation in what should be a 3D pore system (see Table  S1 ). This indicates that the percolation path does not fully explore all of the cages but flows through the largest cages. Therefore, this large pore limiting diameter does not guarantee The Journal of Physical Chemistry C Article that the adsorbates have full access to the smaller cages, as unlike in the previously investigated MOFs, diffusion through the large pores does not require access to the smaller cages.
The isotherms in Figure 13a ,b show that simulations accurately capture both methane and ethane adsorption, suggesting that the entire pore volume of UMCM-150 is indeed accessible to both adsorbents (and hence also to ethylene). In our initial attempt to describe adsorption of ethylene on the CUS of this material, we have assumed that all metal sites (both in the dimer paddlewheel and in the trimer SBU) behaved equivalently. This assumption amounts to using the parameters obtained in the HKUST-1 paddlewheel for both types of CUS. In Figure 13c we can see that the new model simulation overestimates adsorption by a greater degree than observed in NOTT-101 and PCN-16 (the RMSD for ethylene on this MOF, shown in Table 5 , is significantly higher than for the other MOFs), although it is worth noting that it still greatly improves agreement in comparison to the standard LJ model. We have conjectured that the reason for the additional discrepancies lies in the identical treatment of both copper building units using parameters fitted for only copper dimers. The Journal of Physical Chemistry C Article Initial DFT calculations indeed indicated that this is likely the cause, as the optimized DFT interaction energy between ethylene and an unsaturated Cu atom in the trimer was found to be ∼−11 kJ/mol at a binding distance of 3.1 Å. This is much less attractive than previously recorded for the paddlewheel dimer in both HKUST-1 and MOF-505, for which the DFT interaction energy is ∼−23 kJ/mol and the binding distance is 2.6 Å. As such, a full DFT profile and new CUS parameters were obtained for the copper trimer of UMCM-150 using the procedure outlined in the Methodology. As can be seen in Figure 14 , treating the metal building units independently leads to better agreement between simulation and experiment. Although a systematic overestimation is still observed, this is now of the same order as in all of the previously studied MOFs (see Table 5 ). Additionally, we have found that turning off the CUS interaction completely for the copper trimer leads to very similar simulation results as obtained by treating the trimer independently (see Figure S8 ). This therefore indicates that the The Journal of Physical Chemistry C Article role of the copper trimer CUS interaction in ethylene adsorption is relatively small at the considered temperatures, and therefore can potentially be ignored. However, ignoring this interaction on the basis of a comparison to experimental isotherms may lead to an incorrect distribution of adsorbed molecules, which may have a measurable impact on purecomponent or mixture adsorption at different thermodynamic conditions.
3.6. UTSA-20. UTSA-20 73 has the composition Cu 3 (BHB) and an overall topology of type zyg. 73 The MOF is made up through self-assembly of a very large organic hexacarboxylate linker BHB (BHB = 3,3′,3″,5,5′,5″-benzene-1,3,5-triylhexabenzoate), shown in Figure 15a , and copper paddlewheel as the inorganic building block. 73 The complex linker group leads to two pore types, a rectangular pore with dimensions 3.4 × 4.8 Å and a cylindrical pore with a diameter of 8.5 Å. 73 As can be seen in Figure 15b , this MOF has a very high density of CUS, which makes it an interesting candidate to further test the new CUS model. The CUS sites point toward, and therefore will be accessible from, both cage types. The presence of a smaller pore again raises questions about adsorbate accessibility to the full MOF structure. Similarly to UMCM-150, this complex structure also does not require diffusion through the small cages to access the larger cages; therefore, the pore limiting diameter found by Poreblazer was 8.8 Å and percolation was in one dimension.
In Figure 16 , it can be seen that simulations fail to describe experimental adsorption for all three adsorbates. In fact, this is the only MOF we studied where methane simulations are not correctly predicted. The fact that adsorption of all hydrocarbons, both saturated and unsaturated, is overestimated suggests that this is not related to the CUS model. Also, as methane is roughly spherical, it would be expected to diffuse relatively quickly through the framework; therefore, insufficient experimental equilibration is not a likely explanation for the observed discrepancies. Instead, the consistent overestimation may indicate that parts of the MOF (most likely the small rectangular cages) are not fully accessible to the three adsorbates. Furthermore, as Poreblazer identified percolation in only one dimension, with a large pore limiting diameter, this suggests molecules are able to diffuse through the MOF system using only the large pores, and therefore inaccessible small pores would not prevent or hinder diffusion in experiments.
Simulations with inaccessible cages were again conducted using the pore blocking technique outlined in Figure S7 . The small cages and windows to these cages were blocked, and GCMC simulations were performed on the new structure. In Figure 17 , it can be seen that making the small cages inaccessible in the GCMC simulations greatly improves agreement with experiment for all adsorbates. Nevertheless, agreement is not perfect, especially for ethylene for which there is a slight underestimation in the low pressure region. Our blocking approach is simply based on excluded volume, whereas in reality the cages will most likely be blocked by occluded solvent or reactant molecules. It has been shown that these occluded molecules can actually act as extra adsorption sites, and thus slightly enhance adsorption at low pressures, 74, 75 which could potentially explain the differences observed in Figure 17c . More detailed studies are needed to fully clarify this issue, but this is outside the scope of this work. The main point we wish to make is that, whatever the root cause of the differences between simulation and experiment for UTSA-20, they are not due to the assumption of transferable parameters from the HKUST-1 paddlewheel. 
CONCLUSION
In this Article, we build upon our computational approach for describing the complex orbital interactions present for some adsorbates in MOFs containing unsaturated metal sites. Using DFT-derived parameters for ethylene adsorption on a single MOF material (HKUST-1), we were able to obtain very good agreement with experimental isotherms on PCN-16 and NOTT-101. Adsorption of both ethylene and ethane on MOF-505 was overestimated, but a possible explanation for this is insufficient equilibration of the experimental measurements. When this was accounted for in an approximate way, the same level of agreement as in the other MOFs was retrieved. In the case of UMCM-150, two different types of CUS sites were identified. We have shown that the CUS parameters were not transferable from a Cu paddlewheel unit to a Cu trimer unit, and that the latter required potential parameters to be separately determined. Using a correct description of the adsorption energy at this new site, good agreement with experiment was once again observed. Finally, adsorption of methane, ethane, and ethylene on UTSA-20 was consistently overestimated by roughly the same amount. We have proposed a reasonable explanation for this observation, based on inaccessible regions of the pore network, but additional work is needed to fully clarify this issue.
Our model was already shown to be transferable across different hydrocarbon adsorbates (e.g., ethylene to propylene), 24 but in this work we have clearly demonstrated that it is in fact also transferable between different adsorbents of the same class. This is a key step in the development of a model capable of accurately predicting adsorption in CUS-containing MOFs for practical applications, including large-scale computational screening. We believe that the key for the success of our model lies in the decomposition of the DFT energy profiles to isolate the contribution of the Cu-π interaction and in a careful consideration of the local nature of this interaction. This was achieved through the addition of a new interaction site at the center of the olefin double bond, together with a cutoff scheme that prevents the metal site from interacting with more than one adsorbate molecule at the same time. In a recent paper, Kulkarni and Sholl 29 presented an alternative approach that The Journal of Physical Chemistry C Article required the addition of a three-body term to avoid unreasonable adsorbate configurations. Their predictions of pure-component adsorption isotherms in the same series of MOFs studied here (see Figure S15 of their paper) were not as accurate as ours. Although more detailed analysis of their simulations is required, we speculate that the reason for the observed significant overestimation of ethylene adsorption in their paper may be due to the longer range of their CUS potential function, which may be allowing for the metal site to interact with more than one adsorbate molecule. The success of our modeling approach opens the opportunity to develop new CUS parameters for different adsorbates and for accurately simulating competitive binary adsorption across a variety of systems, which is difficult to measure experimentally. In the future, we intend to expand our model to other gases such as CO 2 , 30 introducing the additional complexity of a significant electrostatic contribution to the adsorption energy. We believe that by treating the CUS interaction independently from all other intermolecular forces, it places our model in a prime position to respond quickly to any improvements in the description of these intermolecular forces. 
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